Introduction
Concurrent partnerships can accelerate the transmission of HIV (and other sexually transmitted infections) in a population [1] [2] [3] [4] . Concurrent partnerships have been described as the 'key driver' of generalized HIVepidemics [5] . Long-term concurrent partnerships (i.e. partnerships that overlap for months, possibly years) in particular, may play a crucial role in connecting the sexual networks that transmit HIV [6] .
Despite a recent surge of interest in targeting concurrent partnerships for HIV prevention [7] , the evidence that they are an important risk factor of HIV transmission remains limited [8] [9] [10] [11] [12] . The lack of association between partnership concurrency and HIV infection in empirical investigations could in part be due to the poor quality of survey data on concurrent partnerships. To estimate the extent of concurrent partnerships, survey respondents are typically asked questions about their three to five most recent sexual partners, including the dates at first and last sex, as well as whether the relationship with a given partner is still ongoing. These questions are used to check whether relationship intervals overlap [13, 14] .
Such data are potentially affected by large biases [15] [16] [17] [18] [19] , but few studies have evaluated the impact of measurement errors on survey estimates of partnership concurrency [14, 20] , particularly in sub-Saharan settings. Only Morris and O'Gorman [15] argued that 'measurement errors introduce a slight positive bias in estimates of the prevalence of concurrent partnerships, and a slight negative bias in the length of the overlap (between concurrent partnerships)'. This pioneering study suffers from two major limitations, however: first, it only considered the impact of date heaping and recall errors on survey reports of partnership dates, but it did not consider the likely hypothesis that partnership histories (on which estimates are based) may not be reliable; and second, it hypothesized that reporting errors occurred at random among population members, in ways that are unrelated to parameters of partnership concurrency. If patterns of misreporting are associated with partnership duration (for example), biases in concurrency measurements are likely to be significantly larger than previously thought.
We use sociocentric network data collected on Likoma (an island located in the northern region of Lake Malawi) to assess the interpartner reliability of partnership histories collected during sexual behaviors surveys, and test whether reliability varies with partnership duration and timing. In doing so, and contrary to previous assessment by Morris and O'Gorman, we show that biases in survey measurements of concurrent partnerships are large and of unknown direction.
Data and methods

General approach
Virtually all strategies used for estimating the rates of partnership concurrency rely on self-reported survey data -also referred to as egocentric data [21] -about sexual relationships (see Fig. 1a ). The major innovation of the present study is the use of sociocentric network data [21] [22] [23] to improve inferences about the prevalence and other parameters of concurrent partnerships in a sub-Saharan African population. Rather than being based on a random sample of respondents, as egocentric data, sociocentric studies attempt to enroll all members of a population of interest (Fig. 1b) and then seek to identify their sexual partners among members of the population. Each sexual relationship is, thus, potentially concordantly reported by both sexual partners engaged in the relationship or discordantly reported by only one of the two interviewed partners [24] . Previous assessments of the interpartner reliability of data on partnership concurrency have narrowly focused on concordantly reported relationships to investigate whether partners who both reported their relation during a survey also agreed on the start and end dates of their relationship [20] . In this article, we expand on such studies by estimating the relative frequency of both concordantly and discordantly reported partnerships.
Data sources
The data used in this study come from the Likoma Network Study (LNS) and were collected in 2005/2006 [20] [21] [22] 24] . We first conducted a census of the entire island to establish a roster of potential sexual partners (November 2005). Second, a sexual network survey (N ¼ 923) was conducted with all inhabitants aged 18-35 in seven villages using audio computer-assisted selfinterviewing (ACASI) technologies [17, 18] . This survey took place between 30 December 2005 and 28 February 2006. Respondents were asked to provide the names of up to five of their most recent sexual partners, and detailed information about each partner and sexual relationship was elicited. In total, 1858 reports of sexual relationships were collected. Finally, the network of sexual relationships was constructed by linking nominated partners to an individual record in the household rosters. Eleven percent of eligible participants declined to be interviewed or were absent at the time we visited them. More than 80% of nominated partners residing on Likoma were linked to records in the rosters of potential network members, and roughly 46% of nominated partners were also interviewed during the sexual network survey [25] . We refer to this latter subset of relationships as 'in-sample', whereas we call 'out-of-sample' the relationships in which only one of the two partners was interviewed. The median time interval between the interviews of sexual partners in in-sample relations was 2 days for spouses vs. 7 days for nonmarital partners. Eight relationships in which a respondent's partner had nominated five partners during the survey were excluded.
Measures of data quality
The reliability of sexual partnership data is measured by IPA in reports of sexual partnerships. Specifically, IPA is the proportion of all in-sample relationships self-reported by a respondent, which are also concordantly reported by his/her partner(s). In Fig. 1b , the IPA of A is 100% (the sole relationship self-reported by A is also reported by A's partner), but the IPA of D is 0 (D's reported relationship with A is not reported by A). In panel (c), the IPA of A remains 100%, but the IPA of D is now estimated at 50% as F and D concordantly report their relationship. In some cases, partners mention each other as sex partners, but do not agree that the relationship is still ongoing. We report the frequency of such discordant reports.
Measures of respondent and partnership characteristics
We measure the association between IPA and characteristics of the respondents, their partners, and the index relationship. Respondents' characteristics included gender, number of self-reported sexual partners, and marital status (ever vs. never married). Partners' characteristics included the number of times they were reported by another respondent (outside the index relationship) during the survey. Relationship characteristics included timing and duration. Respondents were asked to classify their relationships as still ongoing or not at the time of the survey, and as having started/ended within 1 month, 1 year, or more than a year prior to the survey. Among partnerships ongoing at the time of the survey, data on start dates were used to create a categorical measure of partnership duration: short (having started less than 1 year prior to the survey, hence having lasted less than 1 year) vs. long (having lasted more than 1 year) partnerships. Among dissolved partnerships, data on end dates were used to categorize partnerships as recent partnerships (having ended less than 1 year before the survey) vs. distant partnerships (having ended more than 1 year before the survey). We used nonparametric tests (Wilcoxon rank sum test) to detect associations between respondent/partner/partnership characteristics and IPA.
Estimates of partnership concurrency parameters
Point prevalence of partnership concurrency The point prevalence of partnership concurrency is the proportion of the population having more than one ongoing sexual partnership at a point in time. Because only categorical measures of the start and end dates of sexual relationships are available in the LNS [25] , we measure the point prevalence of concurrent partnerships at the time of the survey. A respondent is, thus, defined as having concurrent partnerships at the time of the survey if she/he is engaged in two or more partnerships reported as ongoing. We measure the prevalence of concurrent partnerships according to two scenarios. In the first scenario ('concordant scenario'), we consider that a respondent is engaged in a relationship as long as both she/he and his/her partner reported the relationship during the survey. According to that scenario, in Fig. 1c , only respondent F is classified as having concurrent partnerships. The relation between D and A (reported by D only) is considered overreported by D. In a second scenario ('complete scenario'), we consider that a respondent is engaged in a relationship as long as she/ he or his/her partner reports the relationship. In that case, not only F, but also A and D are classified as having concurrent partnerships. The relationship between D and A is, thus, considered underreported by A. We report estimates of the prevalence of concurrent partnerships according to concordant, self-reported, and complete data for respondents who self-reported having in-sample relationships. Prevalence estimates according to selfreported and complete data are reported for the total study population.
Misclassification of survey respondents
Finally, we estimate the probability of misclassification (i.e., a survey respondent reporting concurrent partners when he/she is in a serial relation or has no partners, and vice-versa) when the point prevalence concurrency is measured at the time of the survey (t ¼ 0) or at time t ¼ À6 months prior to the survey (as recommended by UNAIDS [26] ). Assuming independence between partnership reports of a respondent, the probability that a survey respondent with two partners at t ¼ 0 or t ¼ À6 is misclassified as having less than two partners in our complete scenario is simply 1 À p[SR(t)] 2 , where p[SR(t)] is the proportion of all relations involving a respondent that are self-reported at time t. In Fig. 1c, Average duration of overlap between concurrent partnerships The average duration of overlap between concurrent partnerships refers to the number of days two concurrent partnerships are ongoing at the same time. We use a probabilistic model to investigate whether observed correlations between partnership duration and reporting of partnership histories introduce significant biases in measures of overlap duration derived from self-reported data. We explore the size of this bias using numerical examples (see supplementary Appendix A1; http:// links.lww.com/QAD/A108).
Robustness analyses
Our analyses are possibly affected by two limitations of sociocentric studies. First, respondents may occasionally not provide sufficient information to identify their partners. As a result, a report may not be correctly linked to a potentially concordant report made by another survey respondent. Second, two partners may provide discordant information that is still reliable [24] . This is the case if their relationship starts during the interval of time between interviews of each partner. We assess the impact of such data limitations on our assessment of data quality (supplementary Appendix A2; http://links.lww.com/QAD/A108).
Results
Descriptive statistics
There were 845 reports of in-sample relationships. Insample relationships were more likely to be marital than out-of-sample relationships, but there were few differences between in and out-of-sample marital relations [25] . Differences between nonmarital in-sample and outof-sample relationships were more common (Table 1) . Among both ongoing and dissolved nonmarital relationships, out-of-sample relationships of women were more likely to be reported by older respondents. Dissolved relationships with out-of-sample partners reported by women were more likely to have taken place long before the survey (i.e. >1 year prior to the survey). There were few systematic differences between in and out-of-sample reported by men.
Association of interpartner agreement and concurrency parameters
Marital relationships were reliably reported [25] , but IPA in nonmarital relationships was low. It was higher for relationships reported by women and was more than twice as high in ongoing relationships as in dissolved relationships ( Table 2 ). IPA was significantly reduced for partnerships reported by a respondent who also selfreported other ongoing partnerships during the survey interview, as well as in relationships in which the partner was nominated by other survey respondents (outside the index respondent). For both men and women, IPA was almost twice as large in long than in short partnerships. Among dissolved relationships, the timing of a relationship was not significantly associated with IPA. These findings are robust to possible errors in data linkages and the exclusion of possibly non-overlapping reporting windows (see supplementary Appendix A2, http:// links.lww.com/QAD/A108).
Completeness of sexual partnership histories
In Fig. 2 , we show that men self-reported 72% of all the short partnerships in which they were involved, but more than 84% of their longer ongoing relations (P ¼ 0.02). Women self-reported a little more than half of their short relationships vs. 71% of their long ongoing partnerships (P < 0.01). Men were also more likely than women to self-report dissolved relationships, but the patterns of reporting were not significantly associated with the timing of dissolved relationships. The proportion of a respondent's sexual relationships concordantly reported by both partners increased with partnership duration in ongoing relationships, but was not associated with timing in dissolved relationships.
Implications for the measurement of concurrency indicators
Point prevalence of partnership concurrency Among 416 respondents who only reported in-sample relationships, 1% of women self-reported having concurrent partnerships at the time of the survey (Fig. 3a) . Sociocentric data, however, suggested that concurrent partnerships could be much more common: 6.5% of ever married and 17.4% of never married women were classified as having concurrent partnerships in the complete scenario. Among men (Fig. 3b) , the prevalence of concurrent partnerships ranged from 3.5 (concordant scenario) to 16.5% (complete scenario), whereas 8.5% self-reported having concurrent partnerships. Among all 923 respondents of the LNS (Fig. 3c ), 23 women (4.6%) and 51 men (12.1%) self-reported having concurrent partnerships at the time of the survey, but 56 (11.2%) women and 79 (18.9%) men were classified as having concurrent partnerships in the complete scenario. Discrepancies between self-reported and sociocentric data varied strongly by gender and marital status.
Misclassifications
In the complete scenario, the probability of misclassifying a respondent who had two nonmarital partners as not having any concurrent partnership was 29-48% for men and 49-74% for women (depending on the duration of these partnerships) if the prevalence was measured at the time of the survey. It was 62% for men (79% for women) if the prevalence was measured at time t ¼ À6 months prior to the survey and both relationships had ended prior to the survey. In the concordant scenario, a man without any partner had 25-50% probability of being misclassified as having concurrent partnerships (10-40% for women) if the point prevalence of concurrent partnerships was measured at the time of survey vs. 75% (64% for women) if the point prevalence was measured at time t ¼ À6 months. 
Duration of overlap between concurrent partnerships
An association between partnership duration and the probability of reporting a partnership implies that when compared to the complete (concordant) scenario, the estimated average overlap of relationships is biased upward (downward) in self-reported survey data on sexual partnerships. We formally prove this claim in supplementary Appendix A1; http://links.lww.com/ QAD/A108. Numerical examples indicate that the size of the bias is greatest for respondents with at least one marital relation, and when the duration of a respondent's concurrent partnerships is highly heterogeneous (e.g. two long-term partnerships and one short-term partnership).
Discussion
In this study, we used sociocentric network data to assess the interpartner reliability of partnership histories collected during surveys of sexual behaviors. We found very low reliability in reports of nonmarital partnerships, particularly among dissolved relationships and the shortest ongoing relationships (i.e. relationships that had lasted for less than a year). In addition, reports were also significantly less reliable when one of the two partners was engaged in other sexual partnerships outside the index relationship. Contrary to previous assessments [15] , we, thus, found that biases in estimates of partnership concurrency based on self-reported survey data were likely large and of unknown direction. Among women, we found no partnership concurrency in one scenario (concordant reports), and very low levels of concurrency according to self-reported data. On the other hand, 8% of all women and close to 20% of never married women had concurrent partnerships according to our complete scenario, which includes reports made by a respondent's partner(s). This is an important finding in light of the apparent discrepancy between qualitative studies having indicated that concurrent partnerships may be pervasive among women in sub-Saharan Africa [27] [28] [29] [30] [31] and quantitative surveys having documented very low levels of concurrency among women [12, 32] . This gap could, thus, be attributed to the poor quality of survey data on concurrent partnerships.
Among men, we also found significantly higher levels of concurrent partnerships in our complete scenario. This was, however, not true for never married men, for whom there were no differences between self-reported and complete data. Because the reliability of partnership reports is much lower in dissolved partnerships, misclassifications of survey respondents as (not) having concurrent partnerships are much more likely when the point prevalence of partnership concurrency is measured at time t ¼ À6 months prior to the survey, rather than at the time of the survey. Finally, because reporting of partnerships was associated with partnership duration, estimates of the average duration of overlap between concurrent partnerships based on self-reported data were biased. This was particularly true for the relationships of respondents in marital unions, and with both short-term and long-term partnerships (e.g. respondents having extramarital affairs or polygamous men with short-term nonmarital relations).
There are, however, several important limitations to our analyses. First, our approach does not allow assessing the validity of sexual partnership data. As a result, we cannot decipher whether the 'true' level of partnership concurrency among the population is closer to its upper estimate (i.e. complete data), or from its lower estimate (i.e. concordant data). This depends on whether underreporting or overreporting of sexual partnerships is the most prevalent form of misreporting. Whereas researchers have frequently emphasized underreporting in sexual behavior data [17, 19] , self-reports may also be affected by both forms of bias [16, 33] . Men can indeed 'swagger', that is, exaggerate the number of their partnerships, whereas women may exaggerate the duration of their relationships [33] . reported by both partners; the second scenario ('self-reported data') considers only the relationships reported by the respondent; and the last scenario ('completed scenario') considers all relationships involving the respondent, whether they are reported by the respondent herself/himself or her/his partner(s). (a) Among women who only self-reported in-sample relationships; (b) among men who only self-reported insample relationships; (c) among all Likoma Network Study (LNS) respondents. We do not represent estimate from the concordant scenario in (c), because some respondents did not report any in-sample relationships. As a result, their relationships could not be concordantly reported and estimates of the prevalence of partnership concurrency based on concordant would be biased downwards.
time of the survey, but men were as likely as women to report the relationship as ongoing.
Other limitations of the analyses presented here include the lack of precise data on the start and end dates of sexual partnerships and the selective inclusion of relationships in our analytical sample. Both unit and item nonresponse were limited in the LNS, but sexual relationships with members of age groups, which were not eligible for the sexual network interview (adolescents below age 18 and adults over 35) , and with partners residing outside the study villages were common [25] . If respondents were more likely to underreport or overreport the partnerships they engaged in with residents of the mainland or with older/younger inhabitants of Likoma, then estimates of interpartner reliability derived from sociocentric data are likely biased.
Despite the above limitations, however, our findings have important implications for the measurement of partnership concurrency (and other sexual behaviors) in subSaharan populations, and for the roll-out of behavioral interventions targeting concurrent partnerships for HIV prevention [7] . On the one hand, whereas UNAIDS [34] recently recommended that the prevalence of concurrent partnerships should be measured at time t ¼ À6 months prior to the survey, our results indicate that partnership concurrency is best measured at the time of the survey, when IPA in reports of sexual partnerships is the highest. On the other hand, our analyses indicate that gender differences in the practice of concurrent partnership could have been overstated among younger unmarried adults and adolescents. Interventions aiming to reduce concurrent partnerships should, thus, not be solely focused on the behaviors of men [35] , but also target younger, unmarried women. Finally, whereas much of the debate on concurrent partnerships has been focused on long-term concurrent partnerships [6] , our results indicate that they may be less prevalent than initially thought. 'Experimental' or 'transitional' concurrent partnerships [36] may, thus, also represent common types of concurrency in sub-Saharan settings. In order to quantify our uncertainty and improve our inferences about the extent of partnership concurrency in SSA, major surveys of sexual behaviors should seek to systematically assess the interpartner reliability of the self-reported data they collect. This requires tracing the nonmarital, nonco-residing partners of a subsample of respondents.
